Information is needed on breast milk zinc concentration and amount of zinc transferred to the infant in relation to the time since birth for both appropriate-for-gestational-age (AGA) and small-for-gestational-age (SGA) infants. Breast milk zinc concentration and total milk volume were measured among mothers of AGA and SGA infants, using deuterium oxide ''dose-to-mother'' tracer technique and plasma zinc concentrations of mothers and infants. Forty-six mother-infant pairs (20 AGA and 26 SGA infants) were recruited from a low-income community in Bangladesh. Each mother-infant pair was studied 3 times: at 4, 12, and 24 wk postpartum. During each round, 2-wk studies of breast milk transfer were performed, using deuterium oxide dose-to-mother tracer technique. Breast milk samples were collected on days 1 and 5 of each round to determine milk zinc concentration. Mean 6 SD birth weight and length were 3.02 6 0.2 kg and 0.482 6 0.012 m, respectively, for AGA and 2.34 6 0.20 kg and 0.462 6 0.011 m, respectively, for SGA infants, and both variables were different between groups (birth weight, P < 0.001; length, P < 0.001). Breast milk intake increased gradually with time postpartum in both groups.
Introduction
Adequate zinc intake is required for optimal growth and immune function of young children (1) . In countries in which there is a high risk of zinc deficiency, zinc supplementation of young children increases their physical growth (2, 3) , decreases morbidity from diarrhea and lower respiratory tract infections (3) (4) (5) , and reduces all-cause mortality (3) . During the first few months of life, exclusively and predominantly breast-fed infants receive all, or almost all, of their zinc intake from breast milk, although they also may be able to maintain their zinc homeostasis by mobilizing some zinc from hepatic reserves accrued in utero (6) . Estimates of young infantsÕ zinc requirements are based on the amount of zinc provided by breast milk (7, 8) . However, there is relatively little information on breast milk zinc transfer to infants in lower-income countries.
Also, the possible relation between infant birth weight and the adequacy of milk zinc transfer has not been studied.
Bangladesh has been identified as a country with a high risk of zinc deficiency because of the high prevalence of stunting and low availability of absorbable zinc in the national food supply (1) . The prevalence of stunting among children <5 y is 41% (9) , and the rate of low birth weight has been reported to range from 22 to >30% in recent studies (10, 11) .
Assessment of breast milk zinc transfer requires measuring both the volume of milk consumed by the infant and the milk zinc concentration. Breast milk volume can be measured by test weighing the infant before and after breast-feeding or by stable isotope tracer techniques, such as the deuterium oxide ''dose-tomother'' tracer technique. The latter method is less disruptive of usual feeding patterns and provides estimates of milk intake over extended (10-14 d ) periods of time. Breast milk zinc concentration is highest during early lactation and declines rapidly during the first few months postpartum (8) . Most studies suggest that milk zinc concentration is unaffected by maternal nutritional status, but the published results are inconsistent, especially during the later stages of lactation when maternal zinc pools may be more depleted (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Previous studies indicate that milk zinc concentration does not vary throughout the day or during the course of a feeding, so single samples of milk can be considered representative of the daily milk zinc concentration (16, 19) .
We conducted the current study to do the following: 1) measure milk transfer from mothers to appropriate-for-gestational-age (AGA) 6 and small-for-gestational-age (SGA) infants, using the deuterium oxide dose-to-mother tracer technique at specific intervals postpartum; 2) analyze milk zinc concentration in expressed milk samples at these same time points; and 3) analyze the serum zinc concentrations of both the mothers and infants. This information was used to quantify total milk zinc transfer from mothers to infants and to assess their risk of zinc deficiency. We hypothesized that the total amount of breast milk and breast milk zinc transferred from mothers to AGA and SGA infants would not differ during the first 24 wk postpartum.
Participants and Methods
Study design and inclusion criteria. The study was designed as a prospective, observational study conducted primarily in the community setting. The participants were 46 mothers and their term infants, 20 of whom were classified as AGA (birth weight > 2800 g at $37 wk of gestation) and 26 of whom were classified as SGA (birth weight < 2500 g at $37 wk of gestation). Gestational age was assessed by ultrasonography at ;32 wk of gestation. Only mothers who were planning to breast-feed exclusively for at least 4 mo were included in the study. Mothers with pregnancy-induced hypertension, multiple pregnancies, known HIV or hepatitis B infection, or use of tobacco products or alcohol were excluded from the study, as were infants with congenital abnormalities, chronic infections, or acute illnesses at the time of enrollment.
Study site and participant recruitment. Potentially eligible individuals were identified during an initial survey of pregnant women in the study community, a low-income peri-urban community of Dhaka, Bangladesh. Women who provided written, informed consent to participate in the study were enrolled once their infants were born. The research protocol was approved by the Research and Ethical Review Committees of the International Centre for Diarrhoeal Disease Research, Bangladesh (ICDDRB). The study participants were enrolled during the period from July 2006 through October 2008.
When an infant was born at home, study personnel measured the infantÕs body weight within 48 h of birth, using an electronic balance sensitive to 2 g (model no. 7281321009; Seca). When infants were born at a hospital or other clinical center, for the purpose of study group assignment, they were reweighed within 48 h of birth using the same weighing scale. Length was measured by using a locally constructed measuring board with 0.1-cm divisions. Head circumference was measured using a plastic measuring tape with 0.1-cm increments.
Clinic visits, anthropometry, and measurement of breast milk transfer from mother to infant. Breast milk transfer was measured for each of the mother-infant pairs on 3 occasions: at 4, 12, and 24 wk postpartum. During each round, the mean daily milk transfer during 14 d was assessed by using the deuterium oxide dose-to-mother tracer technique (23) . On the first day of each round, the mothers were requested to report with their infants to the Dhaka Hospital of the ICDDRB for anthropometric assessments, collection of baseline blood and saliva samples, and subsequent administration of deuterium to the mothers. The mothersÕ and infantsÕ age, body weight, and height (mothers) or length (infants) and infant head circumference were recorded. The infantsÕ body weight was also measured on day 15 of each round. Maternal body weights were measured using a scale sensitive to 10 g (model no. F150S; Sartorius) and infant weights with the aforementioned Seca electronic balance. Heights and lengths were measured to 0.1 cm, using locally constructed equipment. Head circumference was measured as described above.
Saliva samples were then collected from mothers and infants using sterile cotton swabs, from which the saliva was expressed into a screwcap plastic container by using a plastic syringe. The samples were then stored frozen at 220°C until analysis. Once the baseline samples were collected, the mothers consumed a 30-g oral dose of deuterium oxide, as measured on an analytical balance sensitive to 0.1 g (model no. TE 4101; Sartorius), followed by consumption of 2 deionized water rinses of the cup in which the isotope had been delivered, so as to ensure complete consumption of the measured dose.
Study personnel visited the participants in their homes to collect additional saliva samples from the mothers on study days 2, 3, 14, and 15 (total of 5 samples, including baseline) and from the infants on study days 2-5, 14, and 15 (total of 7 samples, including baseline). The samples were transported from the study community to the laboratory at the ICDDRB in a cold box and stored frozen, as noted above. Deuterium enrichment of saliva samples was measured by Fourier-transformed infrared spectrometry at St. JohnÕs Research Institute, St. JohnÕs National Academy of Health Sciences, Bangalore, India. Analysis of salivary deuterium enrichment and estimation of milk consumption were completed as described previously (23) . The accuracy of deuterium analysis over the range of enrichments was measured by Fourier-transformed infrared spectrometry. The standards of known enrichment were prepared gravimetrically by diluting the 99.9 at% deuterium oxide with local drinking water. The enrichment ranged from 0 (natural abundance drinking water) to 2000 mg/kg, i.e., an enrichment above that likely to be encountered in saliva samples.
Measurement of milk zinc content and transfer. During each round of study, a milk sample was collected during the visit to the ICDDRB on study day 1, and a second milk sample was obtained during the home visit on study day 5. On each occasion, the breast was cleansed with soap and water and rinsed with copious amounts of deionized water. The milk sample was then collected ;2-3 min after feeding was initiated by momentarily removing the infant from the breast, so the study assistant could manually express 5-10 mL of milk into a zinc-free beaker. The milk sample was then transferred to a plastic screw-cap vial and transported to the laboratory, as described above for the saliva samples. The milk zinc concentration was measured by atomic absorption spectrometer (AA6501S; Shimadzu) after dilution with deionized water (1:12). All samples were handled appropriately to avoid contamination, as per International Zinc Nutrition Consultative Group guidelines (1). The total zinc transfer from mother to infant was calculated as the product of the mean daily milk volume, as determined from the deuterium tracer studies, and the mean milk zinc concentration on the corresponding milk collection days.
Measurement of plasma zinc concentration. On the first morning of each round, 2 mL of venous blood was drawn from both the mother and infant for plasma zinc analyses, using stainless steel needles and certified trace-element-free evacuated collection tubes (Sarstedt LiH monovette; Sarstedt). The infant samples were drawn 90 min after the first morning feeding, but the mothersÕ samples were not timed in relation to meals. The plasma was separated within 60 min and stored at 220°C until analysis. The plasma samples were diluted (1:12) with distilled, deionized water, mixed on a vortex, and analyzed using the same atomic absorption spectrometer described above. The plasma samples were also compared with commercially available standard zinc nitrate solution (BDH Chemicals), bilevel control serum (catalog no. 66816; UTAK Laboratories), and pooled serum to determine the accuracy and precision of the analyses. The CV percentage for zinc analysis was 4.1% for control 1 (assigned value: 0.51-0.85 mg/L) and 4.0% for control 2 (assigned value: 2.0-3.0 mg/L).
Sample size estimation and data analyses. The sample size was determined primarily by available financial resources, which permitted recruitment of an estimated 25 mothers each of AGA and SGA infants. Based on the variability in milk volume and milk zinc concentration observed during the study, the final sample size permitted detection of 16-24% differences in milk volume and 25-30% differences in milk zinc concentration by infant birth-weight groups at different time points (P < 0.05 with 80% power).
The major outcome variables were volume of breast milk intake, breast milk zinc concentration, and total daily zinc transfer through breast milk. These variables were assessed for conformance with the normal distribution and transformed if necessary. The outcomes were then compared for AGA and SGA infants at all 3 time points, using a mixed-model, repeated-measures ANOVA, with group, time, and the interaction of time 3 group as fixed effects and including participant as a random effect with an unstructured covariance matrix. When appropriate, post hoc comparisons of means were done with TukeyÕs test. Between-group comparison was performed by StudentÕs t test for normally distributed data and by Mann-Whitney U test for not normally distributed data for continuous variables and x 2 test for categorical variables. All data collected were entered and managed in Excel and transferred to SAS release 9.2 (SAS Institute) and SPSS version 11.5 for Windows (IBM) for statistical analysis. Any results were considered significant at the 5% level of significance.
Results
General characteristics of study participants. A total of 73 mother-infant pairs (33 AGA, 40 SGA) were actually recruited for the study, but only 46 (20 AGA, 26 SGA) successfully completed all of the study procedures at all 3 time points. The results of these 46 mother-infant pairs form the basis of the current report. The other participants were excluded from analysis because of incomplete data attributable to out-migration from the study community (n = 13), natural calamities that limited access to the community (n = 6), voluntary withdrawal from the study (n = 4), or unsuccessful completion of 1 or more of the study procedures (n = 4). There were no significant differences in the baseline sociodemographic and anthropometric characteristics of the mother-infant pairs among those who completed the study and those who were excluded from the analysis. Among the women who successfully completed the study, the mothers of the AGA infants were slightly older than the mothers of the SGA infants (25.7 6 3.8 vs. 22.2 6 5.2 y, P = 0.014). Otherwise, there were no significant differences between the 2 groups of women ( Table 1) .
Anthropometry. As imposed by the study design, infants in the AGA group had greater initial body weights than those in the SGA group ( Table 2) . The SGA infants gained more weight than the AGA infants from baseline to 24 wk, although these differences were not statistically significant (P = 0.13). Nevertheless, the mean body weights of the 2 groups of children were no longer statistically different by 24 wk of age (P = 0.13). Increments in length and head circumference did not differ for the 2 sets of infants. The mean weight-for-length Z-score was less among the SGA infants compared with the AGA infants during the first 48 h but not thereafter. The mean length-for-age Z-scores decreased significantly with age in both groups (P < 0.001), but the initial differences between AGA and SGA infants in the first 48 h of birth were no longer significant at 24 wk (P = 0.09). Among SGA infants, the mean length-for-age Z-score increased from birth to 12 wk but decreased from 12 to 24 wk (P < 0.001). The mean weight-for-age Z-scores did not vary significantly by infant age (P = 0.32), and these were no longer significantly different by birth-weight category at 12 and 24 wk postpartum.
The body weights of mothers in both groups decreased progressively during the course of lactation (P < 0.001), and the mothers of SGA infants consistently weighed less than the mothers of AGA infants over time (Table 2) . Maternal height was measured just at 4 wk postpartum, and mean values did not differ for the 2 groups of women. Maternal BMI ranged from 19.9-21.6 kg/m 2 at 4 wk and decreased slightly in relation to the aforementioned weight loss during lactation (P < 0.001).
Breast milk intake, milk zinc concentration, and milk zinc transfer. AGA infants tended to consume more breast milk (grams per day) than SGA infants only at 4 wk postpartum (P = 0.06) ( Table 3) . Breast milk intakes increased in both groups of infants with increasing infant age (P < 0.001). When breast milk intakes were considered in relation to infant body weight (grams per kilograms per day), the intakes decreased significantly over time (P < 0.001), but there were no significant differences between birth-weight groups at any time point (Table 3) .
Breast milk zinc concentration decreased significantly over time, but there were no interactions between infant birth-weight categories and time postpartum ( Table 4) . The intra-individual correlation of milk zinc concentrations at different time points was 0.59 (P < 0.001), indicating that the individual milk zinc concentration was significantly decreasing over time among all women. Milk zinc transfer decreased from 4 to 24 wk postpartum in both groups of mothers in absolute amounts (milligrams per day) (P < 0.0001) but did not differ for AGA and SGA infants at any age (Fig. 1) . Milk zinc transfer also decreased from 4 to 24 wk postpartum in both groups of mothers when considered in relation to body weight (grams per kilograms per day) (P < 0.0001), it also differed between AGA and SGA infants at 12 wk postpartum only (P = 0.04). There were no significant correlations between maternal weight, height, or BMI and daily milk intake by infants or breast milk zinc concentration at any time point.
Non-breast milk liquid intake. The margin of error for estimation of water intake from foods and beverages other than breast milk, as measured using the deuterium oxide dose-to-mother tracer technique, is 6100 g/d (23) . Thus, infants were considered to be consuming other sources of water only when the amount estimated by the tracer technique was >100 g/d. The percentage of infants who were consuming other water increased from 22% at 4 wk to 50% at 24 wk (Supplemental Table 1 ). The mean amounts of non-breast milk water intake by the non-exclusively breast-fed infants did not differ by birth-weight category.
Plasma zinc concentration. The infantsÕ mean plasma zinc concentration increased significantly with increasing age, but there were no differences between AGA and SGA infants at any observation point (Supplemental Table 2 ). Of the infants, 48-80% had plasma zinc concentrations <9.9 mmol/L, which is the recommended cutoff for children >3 y of age (1). The infantsÕ plasma zinc concentration was unrelated to subsequent weight gain, and there was no relation between the infantsÕ weight gain during a particular observation interval and the subsequent plasma zinc concentration. Among the mothers, 62-95% had plasma zinc concentrations <10.1 mmol/L, which is the recommended lower cutoff for non-pregnant women (1). The mothersÕ mean plasma zinc concentrations increased with time postpartum (P < 0.001), possibly related in part to reductions in their blood volume, and there were no interactions between study group and maternal plasma zinc concentrations at any time point. The plasma zinc concentrations of the mothers and their infants were significantly correlated at each time point (at 4 wk: r = 0.35, P < 0.02; at 12 wk: r = 0.32, P = 0.04; and at 24 wk: r = 0.50, P = 0.001).
Discussion
The results of this study indicate that breast milk zinc concentration and milk zinc transfer among low-income, marginally nourished Bangladeshi mothers are similar to the values reported previously for better nourished women from more affluent countries (8) . Moreover, no differences were detected in milk zinc concentration or milk zinc transfer between mothers of AGA and SGA infants. Although the AGA infants consumed slightly greater amounts of milk than the SGA infants, the latter actually consumed slightly more milk zinc than the AGA infants when their intakes were expressed per kilogram of infant body weight. Moreover, the SGA infants continued to catch up with the AGA infants in body weight during the observation period, which was comparable at 24 wk (Table 3) . Conversely, the SGA infants continued to lag behind the AGA infants in linear growth and head circumference, and anthropometric indices declined in both groups of infants in relation to international growth standards. As observed in previous studies (19) , individual women tend to produce breast milk with consistently higher or lower zinc concentrations relative to other women.
Several investigators have measured breast milk consumption by Bangladeshi infants previously, using either 24-h test weighing or 12-h test weighing and extrapolation to 24 h (24,25). In 1 study, which enrolled urban mothers whose mean height was similar to the height of the women in the present study but whose weight was ;5 kg less, the mean milk intake by exclusively breast-fed infants was ;735 g/d at 4-6 mo postpartum (24) . In a second study, which was conducted in rural Bangladesh, mean milk intake was 715 mL/d at 6-8 mo of age (25) . Thus, mean milk intakes measured at 24 wk in the present study were ;10% greater than reported previously for similarly aged Bangladeshi infants. Reasons for this discrepancy may be because of the poorer nutritional status of women in the previous studies, the fact that some infants in those studies were beginning to consume complementary food, and/or the known difference in estimates of breast milk intake provided by the test-weighing methods used previously and the tracer method that was used in the present study (26) .
The mothers in this study reported that they were exclusively breast-feeding their infants, but the results of the deuterium tracer technique indicate that a considerable number of infants were consuming other liquids or foods, more so at the older ages. Nevertheless, the total amount of breast milk consumed was consistent with previous studies in Bangladesh, so the other food and/or liquid consumption was probably not sufficient to displace breast milk. Sixty-two to 95% of the women in the present study had plasma zinc concentrations that were less than the reference cutoff, depending on time postpartum, suggesting that these women were at risk of zinc deficiency. However, there was no relation between the womenÕs plasma zinc concentration and breast milk zinc concentration, which is consistent with the current understanding that breast milk zinc concentration is not affected by maternal zinc intake or status. There are no reference values for plasma zinc concentration in infants so it is difficult to interpret the current results, although it is notable that there were no differences between AGA and SGA infants at any time postpartum. As discussed in a previous review (8) , it is difficult to assess the adequacy of zinc intake from breast milk because of the limited information that is available on the efficiency of zinc absorption from breast milk under natural feeding conditions, uncertainties in the true physiologic requirements for absorbed zinc, and the fact that some zinc accrued in utero may be available for metabolism postpartum (thereby reducing the dietary requirement for zinc). Three studies of zinc supplementation of young breast-fed infants in the United States and France failed to detect a consistent impact of infant zinc supplementation on infant growth before 6 mo of age (20, 27, 28) , suggesting that zinc intake from breast milk was adequate during this period in these settings. However, more information is needed to assess the adequacy of breast milk zinc intakes among infants of undernourished women, because it is conceivable that these infants may have accrued less zinc during gestation.
In summary, the breast milk zinc concentration and milk zinc transfer of marginally nourished Bangladeshi mothers were similar to the values reported for better-nourished women residing in more affluent settings, and there was no difference in these observations among Bangladeshi mothers of AGA and SGA infants. These results are consistent with the general understanding that breast milk zinc concentration is not affected by maternal zinc status, within the range of maternal status and time postpartum observed in the current study. However, the adequacy of breast milk zinc for infant zinc nutrition may also depend on the amount of infant zinc reserves at birth, and more research is needed on this latter issue.
